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1. INTRODUCTION 2. PROCEDURE

In the development of military systems having 2. 1 Calculating Shine-through Fluence
radiation-hardness requirements and in assess- from Incident Fluence
ments of radiation response in existing military
equipment, it is frequently necessary to carry out To calculate shine-through fluence from
immediate theoretical estimates of radiation- incident fluence. let f0 be the energy fluence of
induced currents. Frequently, these analyses must photons incident at right angles to the target.
be performed by individuals unfamiliar with the Energy fluence has units of energy per unit beam
quantitative side of radiation physics. As an aid to area.
these workers, a review of a simple first-order
prediction of radiation-induced current is pre- Then f(x) = foe " is the fluence of
sented, and a sample calculation is included to original photons left at a linear depth x in a target
illustrate the procedure. material of atomic number Z; and y tt(hv, Z).

the attenuation coefficient, is the reciprocal of the
The most common radiation environment of depth in the material at which the original fluence

concern to system designers includes a fast pulse of is reduced by a factor of l/e. Equivalently, x
photons having energies in the kiloelectron-volt to may be considered the target mass traversed by the
megaelectron-volt range. Since the procedure de- photon beam per unit beam area. then y is given
scribed below applies only to monoenergetic pho- as the total cross-sectional area presented to the
tons, it is necessary to divide the photon spectrum photons per unit mass of target material. The factor
into a series of approximately monoenergetic in- linking these two representations is the density of
crements. For the portion of the spectrum between the target material. The shine-through fluence is
I and 100 keV, a 10-keV bin width is adequate, thenf(T) - f40e "T. where T is the target thickness.
above 100 keV, bin widths may be increased toO. 1
MeV or more without introducing serious error in 2.2 Calculating Dosefrom Shine-hrough
the integral result. Once the current contributions Fluence and Vice Versa
from the various photon increments are calculated.
they can be added linearly to arrive at a first-order
estimate of total radiation-induced current. The The dose at the emitting surface attributed
discussion that follows treats a photon pulse that is to the shine-through photons f(T) is the energy
assumed to be monoenergetic. (See fig. I for a deposited by those photons per unit mass of
pictorial representation of this transport model.) material. Since some of the energy removed from

the original photon beam by interactions with the
target material reappears in the form of lower

Mel six) Ni energy photons (Compton scatter, fluorescence.
etc.), some of which may also escape the target, a
different coefficient, the energy absorption co-

_ 1-4, -, efficient p'. must be used to calculate dose. With
ri .-- /j' denoting the rate at which energy is depo~sited in

the material, one may define dose D at the emit
ting surface as follows:

CINT SCK Of, R* ,,t THROUC44 Let energy absorbed per unit area of the
ffiOTOb 010fLfo C"AloE lOl CNhAGI PROTON n
,Com OmCTmIn c09,m @"PILF ,Ou c,1M target in the interval x and x Nx be AE

f(x) f(x + Ax). where f(x Ax) is energy
fluence at depth x 4 Ax reduced from its value

Figure I. Photon transport through and electron at x only by the factor e "".(For small Ax. the
emission from slob target. secondary photons produced in that interval



are still present in the total photon fluence; that is, This digression clarifies alternative
their energy is not deposited in Ax.) means of defining a photon environment. Setting

aside for the moment the matter of radiation time
Then histories, one can specify a photon environment

uniquely in two equivalent ways; one way is to
AE = f(x) - f(x)e-p'Ax specify fluence and energy spectrum; the second

way is to specify dose in a given material and the
photon energy spectrum. Of the two, fluence and

f(x) - f(x)l I - M'Axl spectrum are the more fundamental descriptions of
the radiation; dose is really a radiation effect

= f(x)p'Ax (energy deposition) in a specified medium. The
first way is more common to the study of the

Dose at depth x can then be defined as system-generated electromagnetic pulse (SGEMP),
the limit for which photoelectric and Compton electrons are

the drivers; the second way is used in the study of
lim AE transient radiation effects in electronics (TREE).

D(x) Ax 2  A - 'ix) which are effects associated with direct deposition

of photon energy in electronic components. There
is no inconsistency in describing a radiation en-

and. reciprocally, vironment by using a dose unit specified for one
material when the radiation is incident on an

f(x) = D(x)/p' entirely different material. Specifying the photon
spectrum and having available a quantitative de-

It must be acknowledged that this is only a first scription of the various photon interactions with

approximation since some contribution to energy matter allow one to convert from the first dose

deposited in Ax comes from secondary photons quantity to a fluence and thence to the dose in the

produced in the intervals 0 to x and (x + Ax) material irradiated.
to T. This contribution is neglected here because
these secondary photons have lower energies and 2.3 Calculating Emitted Charge and
shorter mean free paths than the primary photons Current from Dose
and thus tend to be more localized, although not so
much so as are the photoelectric and Compton As an example of calculating emitted
electrons produced in the photon's interactions charge and current from dose, assume that one is
with the target. More to the point, a really accurate given a monochromatic fluence of 1.2-MeV pho-
treatment would require tracking these secondary tons and a dose of I rad (Si) at the shadowed
photons by using Monte Carlo transport tech- surface ofaO.28-cm-thick iron plate. What charge
niques. Secondary photon buildup renders this is emitted from the plate"

means of calculating dose increasingly in error the
deeper one goes into thick targets (targets whose The dose is given in rads (Si). This dose
thicknesses are a significant part of the photon's may be converted to fluence by using the relation-
mean free path). For these cases, one may bracket ship derived in section 2.2 and then may be
the dose using u' for the lower limit and p for the converted to emitted charge by using a graphical
upper limit. The photon energies for which there is representation of a Monte Carlo treatment of
a noticeable difference between p and p' lie in the electron emission - in this case. the computer
range where the Compton interaction dominates code POEM.' Figures 2 through 9 show the
the photoelectric effect; in this range, the second- electron yield dependence on photon energy for a
my photons that are produced have a significant variety of elements. Also shown for comparison
fraction of the primary photon's energy and thus 01 4, ,,, .... i H % ..... , 4/,,,.,

are quite likely to escape thin targets .... W ., , 1... 4 111.,1 R I , -N, 110,
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9U' Figure 11 shows that the silicon absorp-
IN. E1u01u tion cross section at a photon energy of 1.2 MeV is

i' = 2.8 • 10- 1 cm2 /g

The dose in silicon at the back side of the iron plate,

IS' 1 rad (Si), is translated to a fluence in the manner

described in section 2.2:

SACKi(M-SSI/S f(MeV/cm') = D(MeV/g)/M'(cm2/g)

/Using the value for p' above and the equivalence

I rad = 6.25 • 10' MeV/g

in-, (which applies to all materials), one gets

f 2.3 • 10' MeV/cm:

Conversely, the dose in iron associated with this
is" t - fluence is (using fig. 13)

1PHTO ENEM 11111,00

D = f •.tFe = (2.3 10' MeV/cm')

" (2.5 10 -' cm:/g)
Figure 2. Yield versus photon energy for carbon

(from SAI HDL-CR-75-138-1). 5.7 10' MeV/g

are the results from a QUICKE2 analytical trans- - 0.9 rad (Fe)
port calculation and a variety of representative
electron transport experiments. Figures 9 through Since the energy of each photon is 1.2 MeV. the
18 show the photon absorption and the attenuation shine-through energy fluence is equivalent to a
coefficients as functions of photon energy for these photon number fluence of
same elements, as well as for silicon, iron, and
lead. Chadsey and Wilson' and Brown 2 treat f - 1.9 • 10' photons/cm-
additional elements not represented here. If one
must calculate currents emitted from an element An interpolation of the forward-directed electron
for which no yield and cross-section data are at yield (Y) between titanium and copper (fig. 4. 5)
hand, it is sufficiently accurate to calculate the gives for iron
desired quantities by interpolation. The approach Y 6.1 10 'eectrons/photon
is to identify the two elements represented in this
report whose atomic numbers most closely bracket
the atomic number of the target element. A linear Incidentally, since the photon energy is in the
interpolation, based on atomic number, of cross megaelectron-volt range. this yield is almost all
sections and yields then provides the desired data. Compton production. (See Evans' for a general
usually accurate to within 10 percent. discussion of interaction mechanisms.) The elec-

tron charge emitted per unit area is then

lio, , , b l o.I~ I 4. DII V ,- I%1, I 6- 11,t1 ft ..._A

g" ~~4emlvpao,v Seattle H4A, f: I.:grA I 0Seprmhe , QhA#I '
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Q10 where now p is the attenuation constant at
Q-fY 1.2 10electrons/cm- ho - 1.2 MeV for iron. 5.7 •10 cm:/g. The

1.9 10 ' coulomb/cm dose on the leading surface, using 7.9 g/cml as
the density of iron, is

One may define an emission factor
I rad(Si)/e 1,T expl(5.7 10 2 cm2ig)

which, for iron and 1.2-MeV gamma rays. i; \ (0.28 cm)(7.9 gicm)l rad (Si)

K - 1.9 • 10 2 coulomb/cm2/rad(Si)
I.I rad (Si)

The nominal uncertainty in this result is +20
percent. This dose corresponds to an incident fluence of

Because the photons are monoenergetic. fL 2.3 • 10" MeV/cni: e

the I -rad (Si) dose on the back side of the iron plate
can be backtracked exponentially to determine the 2.6 10" MeV cm:

corresponding dose on the front surface:
The photon time history is the same timedoe(front surface) dose (back surface)/e nr. history that the emissions of Compton electrons

'I



and photoelectrons follow; hence, in SGEMP smaller by a factor of cos 0. (2) The photon
studies, it must be specified before electron current fluence reaching the rear surface of the target is
magnitudes can be determincd. (Currents are smaller because photons have traversed a longer
required because magnetic fields and time deriva- path length in the target: thus the front-to-rear
tives of charge density are current-dependent attenuatiorn fator is e ,T csO instead ofe ,T.
quantities.) The radiation time history and fluence
are usually conveyed in terms of the radiation flux,
the time derivative of fluence. In this case, the Finally, the target may be composed of several
constant K calculated above has the same a elements in a mixture or in a compound, or it may

contan K alulaed bov hs te smemagni- be formed from a number of layers, each layer
tude, but now is given in amperes per square
centimeter perrad(Si)persecond. WhenTREEis composed of a single element. The transport of

the concern, radiation delivery times are fre- photons through both types of target may be
treated in the same way: T i. the total cross-

quently so short that damage effects are pulse-time sectional mass density of the ith element seen by
independent; that is. the energy deposition occurs the photon beam in its front-to-rear passage,
in intervals short compared with energy dissipation produces a beam attenuation factor of e pi . the
times. When this condition applies, it is common to attenuation factor o e i simply the
deal in terms of dose, rather than dose rates, and product of all the e Tfactors. The electronless attention is paid to radiation pulse shapes. rdc faltee l~ atr.Teeeto

yield from the rear surface is calculated as follows:

For a rear surface composed of a single element

3. COMMENTS having a thickness equal to or greater than an
extrapolated electron range in that element, the

If one is seeking an estimate of net current approach is exactly that used in the example. If the

between two parallel layers of material, the pro- rear surface layer is a mixture or a compound of

cedure of section 2.3 can be applied to estimate several elements, the calculation of emission

forward emission from the shadow side of the first charge and current is more complicated. If electron
layer and backward em ssion from the illuminated ranges (in grams per square centimeter) are ap-
side of the second layer. If the distance separating proximately the same for the various constituent

these two surfaces is too small for space-charge elements, the fractional yield (that is. the yield for
limiting to occur, and if ionization of gases in the the one-element target weighted by the ratio of that
space between them is either too small or too late to element's density in the target to the total target

allow a significant conduction current, then an density) may be summed with the fractional yields

algebraic addition of current from the two surfaces for the other components of the target to arrive at a

yields a good estimate of the net current be- net yield.

tween layers.

If the ranges are greatly dissimilar, the com-
If the photon beam strikes the target off normal plexity of the problem exceeds the scope of this

by an amount 0, the emission current density is report. For this case. a zero-order estimate may be
reduced for two reasons: ( I ) The electrons ejected found by using the yield for the element with the
by photons in a unit area of the photon beam are shortest electron range: this element will have (not
spread over a surface area I /cos 0 larger than incidentally) the highest atomic number and the
the unit area; hence, the emission densities are highest yield factor of those elements in the target.

12



NUMERICAL CONVERSIONS FOR CALCULATING RADIATION-INDUCED CURRENTS

I eV is equivalent to 1.6022 X 10 9  joule

or 1.6022 X 10-12 ergs

or 3.8294 X 10-20 calorie
1 erg is equivalent to 1.0000 x 10- 1 joule
I e (electron charge) is equivalent to 1.6022 X 10 9  coulomb

I ampere is equivalent to 1.0000 coulomb/s

I cm is equivalent to 0.3937 in.

1 cm2  is equivalent to 0.1550 in.2

1 barn is equivalent to 1.0000 X 10 24 cm 2

I g is equivalent to 0.5274 X lo- 2 ounce

I rad (dose) is equivalent to 1.0000 x lO ergs/g

or 6.25 X 1 7  MeV/g
I roentgen (fluence) is equivalent to 84 ergs/g (air)

or 1.61 X 1012 ion pairs/g (air)

. it
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